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Abstract(
(
Two! nanostructured! hybrid! nanocomposite! materials! were! prepared! using! cellulose!
triacetate!membranes!as! support!matrix.!Polymeric! Inclusion!Membranes! (PIM)!were!
prepared!mixing! cellulose! triacetate! (CTA),! chloroform! and! 2BNitrophenyl! octyl! ether!
(NPOE).! The! membranes! were! modified! with! Prussian! blue! (PB)! nanoparticles! (NPs)!
protected!by!polyvinylpyrrolidone!(PVP)!and!graphite.!These!two!materials!were!chosen!
due!to!their!capacity!to!adsorb!Cs!and!U,!respectively.!!
!
The! nanocomposites! were! characterised! by! Scanning! Electronic! Microscopy! (SEM),!
Transmission!Electronic!Microscopy!(TEM)!and!Raman!spectroscopy!to!obtain!detailed!
information!about!the!morphology,!chemical!functional!groups!and!composition!of!the!
samples!before!and!after!to!their!exposition!to!the!pollutants.!
!
U!and!Cs!adsorption!tests!were!performed!to!the!modified!nanocomposites!with!different!
percentages! of! NPs! or! graphite.! Therefore,! in! order! to! check! their! remediation!
effectiveness,! the! resulting! solutions!were! analyzed! by! Inductively! Coupled! Plasma! –!
Mass! Spectrometry,! quantifying! the! decrease! in! pollutant! concentration! due! to! the!
nanocomposites!adsorption.!
!For! the!system!graphiteBU,! the! raw!membrane!eliminated!a!46%!on! its!own!and!the!
maximum! was! found! to! be! a! 78%! of! adsorbed! U! when! 10%! w/w! of! graphite! were!
deposited! onto! the!membrane.! For! the! PBBCs,! the! raw!membrane! did! not! present! a!
significant! capacity! to! adsorb! Cs,! in! contrast! to! the! 89%! adsorption! of! Cs! for!
nanocomposite!with!10%!w/w!of!PB.!
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NP!–!Nanoparticles!
DOM!–!Dissolved!Organic!Matter!
nZVI!–!Nanoscale!ZeroRValent!Iron!
ZVI!–!ZeroRValent!Iron!
PIM!–!Polymer!Inclusion!Membrane!
SEM!–!Scanning!Electron!Microscope!
TEM!–!Transmission!Electron!Microscope!
ICPRMS!–!Inductively!Coupled!Mass!Spectrometry!
NPOE!–!2RNitrophenyl!octyl!ether!
CTA!–!Cellulose!Triacetate!
PVP!–!Polyvinylpyrrolidone!!
PB!–!Prussian!Blue!
MWU!–!Membrane!Water!Uptake!
DS!–!Degree!of!Substitution!
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ORIGEN,&MOTIVATIONS&AND&PROJECT&OBJECTIVES&&
!
The!present!study!arises!from!the!concern!about!pollution!problems!in!the!environment,!
and!in!more!detail,!the!pollution!derived!from!radioactive!waste.!On!the!one!hand,!there!
are!punctual!cases,!such!as!Chernobyl!(1986)!and!Fukushima!(2011).!On!the!other!hand,!
it!is!possible!to!find!longRterm!cases,!such!as!in!the!Flix!dam!(Catalunya),!where!waste!
accumulated!over!past!years.!
!
These!accidents!that!happened!in!the!past,!may!happen!again!in!the!future,!and!that!is!
why!it!is!necessary!to!search!for!new!technologies!to!try!to!prevent!and!remedy!in!an!
economical!and!efficient!way!any!possible!cases!of!pollution!that!may!occur.!
!
The!use!of!nanotechnology!is!a!very!attractive!idea!that!has!been!gaining!importance!in!
recent!times.!Therefore,!it!has!been!proposed!the!use!of!nanoparticles!with!adsorption!
capacity!for!each!of!the!pollutants!of!interest!to!be!removed!(cesium!and!uranium).!
The!motivation!of!this!project!is!to!take!a!step!further!in!the!use!of!nanocomposites!as!
a!system!of!treatment!and!adsorption!of!both!cesium!and!uranium!concentration,!and!
to!be!able!to!offer!a!solution!to!reduce!their!concentrations!in!polluted!environments.&
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1. OBJECTIVES,
!
The!main! objective! of! this!master! thesis! is! the! development! of! two! nanostructured!
hybrid!material.!The!first!one!is!composed!of!a!cellulose!triacetate!membrane!modified!
with!Prussian!Blue!(PB)!nanoparticles!and!the!other!material!is!composed!of!the!same!
membrane! type! modified! with! graphite.! On! one! hand,! these! iron! nanoparticles!
contained!on!PB!have!a!high!selectivity!for!Cs.!On!the!other!hand,!it!is!known!that!carbon!
allotropes!have!been!used!to!remove!U!from!aqueous!solutions!due!to!the!interaction!
between!U!and!carbon!groups.!
Moreover,! it! will! also! be! necessary! to! make! a! characterization! of! the! synthesized!
materials,!to!obtain!information!about!their!chemical!composition,!morphology,!among!
others.!
Finally,!it!is!proposed!to!perform!a!Cs!and!U!uptake!test!for!each!material!to!check!their!
sorption!properties.!
!
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2. INTRODUCTION,
,
Many!activities!involving!radioactive!materials!cause!production!of!radioactive!wastes!
which!require!advanced!treatment.!Nowadays,!separation!and!concentration!of!wastes!
can!be!achieved!using!techniques!such!as!evaporation,!precipitation,!ion!exchange!and!
adsorption! (Caccin! et! al.! 2012).! These! radioactive! wastes! generate! a! considerable!
amount!of!low,!intermediate!and!high!level!radiation!(Özdemir!&!Usanmaz,!2009).!!
!
Radiation!is!a!phenomenon!whereby!bodies!emit!energy!by!the!emission!of!subatomic!
particles!(corpuscular!radiation)!and!electromagnetic!waves!(electromagnetic!radiation)!
and!can!be!described!as!ionizing!and!nonPionizing!radiation.!There!are!three!main!kinds!
of!ionizing!radiation!which!includes!αPparticles,!βPparticles!and!γPrays.!!
• Corpuscular!radiation!includes:!
P αPparticles:!have!a!low!penetration!power!and!high!ionization!power.!They!
cannot!travel!more!than!few!centimetres!in!the!air.!The!danger!for!health!lies!
mainly!in!the!ingestion!or!inhalation!of!substances!that!emit!alpha!particle,!
which!can!cause!damage!in!a!focused!region!of!the!tissues.!
P βPparticles:!due!to!their!smaller!mass!produce!less!energy!and!therefore,!less!
power!of!ionization!than!the!alpha!but!with!a!greater!power!of!penetration.!
They! can! travel! a! few!meters! in! the! air! but! just! a! few! centimetres! in! the!
water.!They!can!be!braked!by!and!aluminium!layer,!window!glass,!clothing!or!
subcutaneous!tissue.!They!can!damage!the!skin,!superficial!tissues!and!if!by!
any!reason!enter!into!the!body;!they!can!radiate!the!internal!tissues.!
• Electromagnetic!radiation!includes:!
P γPrays:! have! a! relatively! low! ionization! power! and! a! high! penetration!
capacity.!To!stop!them,!it!is!necessary!to!use!dense!materials!barriers!such!
as! lead! and! concrete.! They! can! produce! damage! to! the! skin! and! deeper!
tissues.!
In! Figure! 1! are! represented! the! penetrative! properties! of! these! different! types! of!
radiation.!
Radioactive!substances!can!penetrate!into!the!body!by!inhalation,!ingestion!or!dermal!
absorption.! NonPionizing! radiation! refers! to! radioactive! energy!which! as! opposed! to!
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produce! charged! ions! when! passing! through! matter! has! enough! energy! only! for!
excitation!(Tabatabaei,!2012)!and!(Public!University!of!Navarra).!
!
Figure!1:!Penetrative!properties!of!different!types!of!radiation.!Extracted!from!Science,!
Living!for!the!Future,!Nuclear!Radiation,!BBC,!2014.!
!
LowPlevel!waste!is!made!up!of!lightlyPcontaminated!items!like!tools!and!work!clothing!
from! power! plant! operation! and! makes! up! the! bulk! of! radioactive! wastes.! Items!
disposed!of!as!intermediatePlevel!wastes!might!include!used!filters,!steel!components!
from!within!the!reactor!and!some!effluents!from!reprocessing.!Besides,!nuclear!power!
is! not! the! only! industry! that! creates! radioactive! wastes.! Other! industries! include!
medicine,!particle!and!space!research,!oil!and!gas,!and!mining.!The!most!significant!highP
level!waste!from!a!nuclear!reactor!is!the!used!nuclear!left!after!it!has!spent!about!three!
years!in!the!reactor!generating!heat!for!electricity!(World!Nuclear!Association,!2016).!
!
!
!
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2.1. Contaminants,of,concern,
!
2.1.1. Cesium!
!
Cs!was!discovered!using!spectroscopy!in!1860!by!Busen!&!Kirchoff!in!mineral!water!from!
Durkheim.!Its!name!means!sky!blue!in!Latin!(Los!Alamos!National!Security,!USA).!
!
The!Cs!is!an!alkali!metal!found!in!lepidolite,!pollucte,!among!other!sources.!It!is!one!of!
the!only!three!metals!that!is!liquid!at!near!room!temperature.!Moreover,!in!its!metallic!
form,! it! reacts!explosively!with!cold!water!and! reacts!with! ice!at! temperature!above!!!!!!!!!!!!
P116ºC.!Also,!Cs!reacts!with!the!halogens!to!form!fluoride,!bromide,!chloride!and!iodide!
compounds.!Finally,!Cs!metal!oxidized!rapidly!when!exposed!to!the!air!and!may!form!
the!dangerous!superoxide!on!its!surface!(Chemical!Properties!of!Cesium,!Lenntech).!
!
Their!properties!stand!out!for!having!a!spectrum!containing!two!bright!lines!in!the!blue!
(accounting! for! its! name)! along! the! several! others! in! the! red,! yellow! and! green!
wavelengths.! Also,! it! is! the! most! electropositive! and! most! alkaline! element! in! the!
periodic!table.!More!properties!can!be!found!in!Annex!1!(Table!1).!
Also,!it!is!the!element!that!has!more!isotopes!than!any!other,!resulting!in!40!isotopes,!
ranging!from!112!to!151.!
!
It!is!an!analyte!of!interest!as!it!is!a!significant!component!of!nuclear!waste,!as!well!as!
because!of!its!halfPlife!(30.2!years!for!137Cs)!and!its!radioactivity.!There!are!two!types!
of!radiation!emitted!by!137Cs:!β!particles!and!γ!rays.!It!is!produced!by!nuclear!fission!for!
use!in!medical!devices!and!gauges!(US!EPA).!
!
2.1.1.1. Exposition!to!Cs!and!its!effects!
!
There!are!two!ways!in!which!Cs!may!enter!into!the!environment.!On!one!hand,!Cs!occurs!
mainly!from!weathering!and!erosion!of!rocks!and!minerals.!Also,!it!may!be!released!into!
the!air,!water!and!soil!through!mining!and!milling!of!ores.!On!the!other!hand,!radioactive!
Cs! may! be! released! to! the! environment! during! normal! operation! of! nuclear! power!
! 5!
plants,! explosion! of! nuclear! weapons! and! accidents! involving! nuclear! power! plants!
(Chernobyl!and!Fukushima)!or!nuclear!powered!satellites!or!submarines.!
Humans!may!be!exposed! to! stable!or! radioactive!Cs!by!breathing,! drinking!water!or!
eating!food!containing!Cs.!In!air,!the!levels!of!Cs!are!generally!low!(less!than!1ng/m3),!as!
well!as!in!the!water!(1µg/L).!On!average,!a!person!swallows!about!10µg!of!stable!Cs!per!
day.!!
In!addition,!radioactive!Cs!has!been!detected!at!some!level!in!surface!water!and!in!many!
types! of! foods.! The!most! important! factor! is!whether! or! not! there! has! been! recent!
fallout!from!a!nuclear!explosion!such!as!a!weapons!test!or!an!accident!that!has!occurred!
at!a!nuclear!power!plant.!However,!atmospheric!testing!of!nuclear!weapons!was!halted!
many!years!ago,!and!there!have!only!been!two!major!reactor!accidents!at!nuclear!plants!
where!radiocesium!was!released!in!significant!amounts!(Agency!for!Toxic!Substances!&!
Disease!Registry,!2004).!
!
It!is!not!very!likely!that!people!experience!health!effects!that!can!be!related!to!Cs!itself.!
When! contact! with! radioactive! Cs! occurs,! which! is! highly! unlikely,! a! person! can!
experience!cell!damage!due!to!radiation!of!the!Cs!particles.!Due!to!this,!effects!such!as!
nausea,!vomiting,!diarrhoea!and!bleeding!may!occur.!When!the!exposure!lasts!a!long!
time!people!may!even!lose!consciousness.!Coma!or!even!death!may!then!follow.!How!
serious! the! effects! are! depending! upon! the! resistance!of! individual! persons! and! the!
duration!of!exposure!and!the!concentration!a!person!is!exposed!to!(Chemical!Properties!
of!Cesium,!Lenntech).!On!the!one!hand,!an!external!exposure!to!large!amounts!of!CsP
137! can! cause! burns,! acute! radiation! sickness! and! even! death.! On! the! other! hand,!
internal! exposure! to! CsP137! through! ingestion! or! inhalation! allows! the! radioactive!
material!to!be!distributed!in!the!soft!tissues,!especially!muscle!tissue,!which!increases!
cancer!risk!because!of!the!presence!of!highPenergy!gamma!radiation!(US!EPA).!
!
2.1.2. Uranium!
First!discovered!in!the!18th!century,!U!is!a!metallic!element!found!everywhere!on!Earth,!
but!mainly! in! trace!quantities.! In! the! thirties,!German!physicists!Otto!Hahn!and!Fritz!
Strassmann! showed! that! U(235)! could! be! split! into! parts! to! yield! energy.! U! is! the!
! 6!
principal!fuel!for!nuclear!reactors!and!the!main!raw!materials!for!nuclear!weapons!(IEER,!
2011).!!
It!has!16!known!isotopes,!all!of!which!are!radioactive!.!In!nature!it!is!formed!by!a!mixture!
of!three!isotopes:!234U,!235U!and!238U,!however!the!most!common!isotope!is!238U,!that!
makes!up!about!99,27%!of!natural!U!by!mass.!The!other!two!isotopes!make!up!about!
0,0054%!and!0,72%,!respectively.!All!these!three!isotopes!behave!the!same!chemically,!
but!they!have!different!radioactive!properties.!The!halfPlives!of!U!isotopes!are!very!long.!
The!least!radioactive!isotope!is!238U!with!a!halfPlife!of!4,5!billion!years!(Markich,!2002),!
(WHO,!2001)!(ATSDR,!2013).!
U!may! exist! in! five! oxidation! states:! +2,! +3,! +4,! +5! and! +6.! However,! in! the! natural!
environment,!the!+4!and!+6!valence!states!dominate.!On!the!one!hand,!U4+!commonly!
exists! in! chemically! reducing! environments! and! typically! forms! chemical! species! of!
relatively! low! solubility.! On! the! other! hand,! U(VI)! is! predominant! in! oxidising!
environments!and!typically!forms!compounds!of!relatively!high!solubility!(Langmuir,!D.,!
1978)! (Crane,!R.!&!Scott,!T.,!2014).!More!properties!of! this!element!can!be! found! in!
Annex!1!(Table!2).!
Knowledge!of! uranium! (VI)! speciation! in! solution! is! a! prerequisite! for! understanding!
uranium!migration!from!nuclear!waste!disposal!into!geological!formation.!In!waters!in!
contact!with!spent!nuclear!fuel!(SNF)!hyperalkaline!pH!values!(>!11)!may!be!reached!in!
the!presence!of!concrete,!which!is!proposed!to!be!used!in!the!structural!parts!of!high!
level!nuclear!waste!repositories!because!of!its!adequate!structural!properties!as!well!as!
its! capacity! to! retain! radionuclides.! While! the! solution! chemistry! of! uranium(VI)! at!
neutral!to!acidic!pH!is!relatively!well!known,!the!need!for!new!data!becomes!evident!to!
define!the!uranium(VI)!speciation!at!hyperalkaline!pHs!(MartínezPTorrents!et!al.!2013).!
The!most!soluble!or!bioavailable!form!of!U!is!a!divalent!ion!formed!by!the!hydrolysis!of!
U!(VI)!to!uranyl!(UO2+2)!(Lee,!J.H.!et!al.!2008).!However,!this!ion!possesses!a!remarkably!
wide!range!of!stability!(Richards,!1966).!U!is!present!as!U(VI)!in!oxic!fresh!surface!waters!
(pH!5!to!9).!At!environmentally!relevant!concentrations!of!dissolved!U!(<30!μg/L),!the!
free!uranyl! ion! (UO2+2)! is! calculated! to!be! the!predominant! species!at!pH!≤!5,!but! is!
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insignificant!at!pH!>!6! (shown! in!Figure!2).!The! formation!of!UO2OH+! is!of!secondary!
importance!to!UO22+!at!pH!≤!5.!An!important!complexing!agent!for!U!in!oxic!fresh!surface!
waters! is! carbonate.! For! fresh! surface! waters! (for! example,! 0.3! μg! U/L)! with! low!
hardness! and! alkalinity! (<40!mg! CaCO3/L)! and! very! low! natural! DOM! (<0.5!mg! C/L),!
UO2CO3!is!calculated!to!be!the!most!dominant!uranyl!species!from!pH!5.5!to!6!(Figure!
2a).!From!pH!6!to!7.5,!the!mixed!uranylPhydroxidePcarbonate!species,!(UO2)2(OH)3CO3P,!
is!calculated!to!be!the!most!important!uranyl!species,!while!UO2(OH)3P!is!calculated!to!
be!the!dominant!uranyl!species!at!pH!>!7.5!(Figure!2a).!If!the!concentration!increases!
100! times,! (30! μg/L),! which! encompasses! most! natural! waters! impacted! by!
anthropogenic! U! sources! (for! example,! in! case! of! mining),! results! in! a! shift! in! the!
percentage!distribution!of!U!(Figure!2b).!The!major!difference!is!that!(UO2)2(OH)3CO3P!is!
the!most!dominant!uranyl!species!from!pH!5!to!8.5!(Markich,!S.J.,!2001).!
!
Figure!2:!Predicted!speciation!(%!distribution)!of!U!as!a!function!of!pH!(between!4.5!to!
9.5).!In!A!is!shown!the!speciation!when!U!concentration!is!0.3!μg!U/L.!In!B!is!shown!the!
speciation!when!U!concentrations!is!30!μg!U/L!(without!humic!substances).!U!species!
with!a!distribution!lower!than!2%!are!excluded.!Extracted!from!Markich,!S.J.,!2001.!!
!
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2.1.2.1. Exposition!to!U!and!its!effects!
!
The!most!common!way!to!be!exposed!to!U,!for!most!people,!it!is!because!of!food!and!
drinking!water.!In!the!case!of!food,!a!main!contribution!is!the!ingestion!of!root!crops!
such!as!potatoes,!parsnips,!turnips!and!sweet!potatoes,!as!the!amount!of!U!in!these!root!
crops! is! directly! related! to! the! amount! of! U! in! the! soil! in!which! they! are! cultivated!
(ATSDR,! 2013).! Water! and! food! intake! may! play! a! role! in! areas! with! the! right! soil!
chemistry!and!rainfall!(Briner,!2010).!
Other!ways!to!be!exposed!are!for!example,!working!with!materials!and!products!that!
contain!U,!such!as!workers!who!mine,!mill!or!process!U!or!make!items!that!contain!U!or!
workers!who!use!phosphate!fertilizers!could!also!be!exposed!to!higher!levels!of!U,!due!
to! in! the! classical! phosphoric! acid! process! the! phosphate! material! is! acidified! with!
sulphuric!acid,!resulting!in!the!precipitation!of!gypsum.!After,!the!gypsum!is!separated!
to!de!acid!phosphoric!by!filtration.!Moreover,!uraniumPseries!radionuclides!are!known!
to!be!present!in!association!with!phosphate!deposits!of!marine!origin.!Dolomite!is!used!
genrally! as! a! filler,! so,! uranium! is! introduced! to! surface! soil! by! using! fertilizers! in!
agriculture!in!the!form!of!very!soluble!phosphate!complexes!(Barisic!et!al.,!1991).!
Finally,!people!who!live!near!uranium!mining,!processing!and!manufacturing!facilities!or!
if!they!live!near!areas!where!depleted!uranium!weapons!are!used,!may!be!exposed!to!
more!uranium!than!the!general!population!(ATSDR,!2013).!
!
U!can!enter!to!the!human!body!from!the!air,!water,!food!or!dermal!contact.!Only!about!
0.76P5%! of! the! U! breathed! by! a! person! will! get! into! the! bloodstream! through! the!
respiratory!tract.!Some!U!compounds!are!slowly!cleared!from!the!lungs.!Only!about!0.1P
6%! of! the! U! ingested! by! a! person! will! get! into! the! bloodstream! through! the!
gastrointestinal!tract.!U!compounds!that!dissolve!in!water!enter!the!bloodstream!easier!
than!U!compounds!poorly!soluble!in!water.!
A!very!small!amount!of!U!can!be!absorbed!through!the!skin,!such!as!waterPsoluble!U!
compounds!(ATSDR,!2013).!
!
A! large!dose!exposition!of!U!occurs!rarely!and!could!be!the!result!of!an! industrial!or!
laboratory!accident!(Briner,!2010).!U!has!both!chemical!and!radiological!toxicity!with!the!
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two!important!target!organs!being!the!kidneys!and!the!lungs.!Health!consequences!are!
determined!by!the!physical!and!chemical!nature!of!the!depleted!U!to!which!an!individual!
is!exposed,!and!to!the!level!and!duration!of!exposure.!
LongPterm!studies!of!workers!exposed!to!U!have!reported!some!impairment!of!kidney!
function!depending!on!the!level!of!exposure!(WHO,!2001)!&!(ATSDR,!2013).!
!
2.1.3. Historical!background!
!
In!this!work,!Cs!and!U!will!be!the!analysed!pollutants.!The!Chernobyl!nuclear!power!plant!
accident!is!the!most!important!nuclear!disaster,!which!occurred!in!the!early!morning!of!
April!26,!1986,!resulted!when!operators!took!actions!in!violation!of!the!plant’s!technical!
specifications.! Operators! ran! the! plant! at! very! low! power,! without! adequate! safety!
precautions!and!without!properly!coordinating!or!communicating!the!procedure!with!
safety! personnel.! Soviet! scientists! reported! that! the! Chernobyl! 4! reactor! contained!
about!190!metric!tons!of!uranium!dioxide!fuel!and!fission!products.!An!estimated!13P
30%!of!this!escaped!into!the!atmosphere.!Contamination!from!the!accident!scattered!
irregularly,!depending!on!weather!conditions!(Nuclear!Energy!Institute,!2015).!During!
the!Chernobyl! explosion,! about!27! kg!of!CsP137!were!expelled! into! the!atmosphere.!
After!the!rapid!decay!of!iodineP131,!CsP137!was!the!predominant!source!of!radiation!in!
fallout!from!the!Chernobyl!explosion.!Particles!of!the!reactor!fuel!settled!densely!within!
about!100!km!or!their!release,!and!within!a!30km!radius!of!the!facility,!Cs!radioactivity!
due! to!ground!deposition!of! fallout!particles!was!over!1.5!×!106!Bq/m2! (Wessels,! C.,!
2012).!
Moreover,!in!the!Cs!case,!the!less!wellPknown!Goiânia!scrap!metal!accident!illustrates!
the!true!dangers!of!CsP137.! It! is!now!known!that!at!about! the!end!of!1985!a!private!
radiotherapy!institute,!the!“Instituto!Goiano!de!Radioterapia”!in!Goiânia,!Brazil,!moved!
to!new!premises,!taking!with!it!a!CobaltP60!teletherapy!unit!and!leaving!the!place!a!CsP
137! teletherapy! unit!without! notifying! the! licensing! authority! as! required! under! the!
terms!of!the!institute's!licence.!!
The! former! premises! were! subsequently! partly! demolished.! As! a! result,! the! CsP137!
teletherapy!unit!became!totally! insecure.!Two!people!entered!the!premises!and,!not!
knowing!what!the!unit!was!but!thinking!it!might!have!some!scrap!value,!removed!the!
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source!assembly!from!the!radiation!head!of!the!machine.!They!took!home!and!tried!to!
dismantle.!!
In!the!attempt!the!source!capsule!was!ruptured.!The!radioactive!source!was!in!the!form!
of!Cesium!chloride!salt,!which!is!highly!soluble!and!readily!dispersible.!Contamination!of!
the! environment! ensued,!with! one! result! being! the! external! irradiation! and! internal!
contamination! of! several! persons.! Thus! began! one! of! the! most! serious! radiological!
accidents!ever!to!have!occurred.!!
After!the!source!capsule!was!ruptured,!the!remnants!of!the!source!assembly!were!sold!
for!scrap!to!a!junkyard!owner.!He!noticed!that!the!source!material!glowed!blue!in!the!
dark.!Several!persons!were! fascinated!by! this!and!over!a!period!of!days,! friends!and!
relatives!went!and!saw!the!phenomenon.!Fragments!of!the!source!the!size!of!rice!grains!
were! distributed! to! several! families.! This! proceeded! for! five! days,! by! which! time! a!
number!of!people!were!showing!gastrointestinal!symptoms!arising!from!their!exposure!
to!radiation!from!the!source!(International!Atomic!Energy!Agency,!1988).!
After!the!Fukushima!DaiPichi!Nuclear!Power!Plant!disaster!due!to!an!earthquake!that!
produced!a!tsunami,!radioactive!Cs!removal!has!become!an!emerging.!The!soils!around!
Fukushima! Nuclear! Power! Plant! and! neighboring! prefectures! have! been! extensively!
contaminated!with!depositions!of!more!than!100.000!MBq/km2!(Yasunari!et!al.!2011).!
The!two!major!radioactive!elements!found!to!be!widely!deposited!are!iodine!(131I)!and!
Cs!(primarily!134Cs!and!137Cs).!Because!the!halfPlives!of!131I,!134Cs,!and!137Cs!are!8!days,!2!
years,!and!30!years,!respectively,!the!decontamination!of!Cs!(especially!137Cs)!is!now!a!
crucial!issue!(Hashimoto!et!al.!2012).!
At!a!more!local!level,!in!2005,!was!disclosed!the!existence!of!a!large!polluted!area!on!the!
shores!of!the!Flix!dam.!This!area!contains!tons!of!radioactive!and!toxic!waste!produced!
by!a!local!chemical!factory,!spotted!by!the!shore!of!the!Flix!dam.!!
It!is!a!case!of!industrial!waste!accumulation!in!a!water!reservoir!contained!by!a!fuse!gate!
spillway!dam! located!110km!upstream!from!the!Ebre! river!mouth.!Large!amounts!of!
industrial!waste!were!produced!by!this!industrial!complex!during!its!period!of!activity.!
The!composition!of!the!waste!changed!depending!on!the!products!manufactured.!Those!
produced! after! the! construction! of! the! dam! include! the! following:! DDT,! potassium!
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permanganate! ammonium! chloride,! chlorobenzene! and! carbon! tetrachloride,! ferric!
chloride,! sodium!metal,! sodium!cyanide,!hexacloroethane,!polychlorobiphenyls,! PCBP
sodium!ferrocyanide!and!calcium,!silicon!tetrachloride,!vinyl!acetates!and!derivatives,!
fatty! alcohols,! liquid! chlorine,! CFCs,! perchlorethylene! (end! of! production! of! DDT,!
cyanide! and! barium! salts),! dicalcium! phosphate! and! chloroisocyanuric! acid! and!
hypochlorite!solid.!The!phosphorite!waste!(dicalcium!phosphate!process)!was!also!rich!
in!the!radionuclides!of!the!UPseries,!such!as!high!concentrations!of!radionuclides!from!
the! 238U!decay! chain! (238U,! 230Th,! 226Ra! and! 210Pb)! about! 2! to! 3! orders! of!magnitude!
higher!than!those!in!natural!sediments!(Palanques!et!al.!2014).!
!
2.2. Nanotechnology,
Nanotechnology!application!to!remediate!polluted!environments!is!an!important!task!
of!contemporary!research!and!is!considered!to!play!a!key!role!in!the!shaping!of!current!
environmental!engineering!and!science. In!recent!years,!a!great!deal!of!attention!has!
been!focused!onto!the!application!of!nanostructured!materials!(Agarwal!&!Joshi,!2010)!
&!(Bhawana!&!Fulekar,!2012).!
Nanoscale! materials! can! be! divided! into! three! categories:! natural,! incidental,! and!
engineered.!Naturally!occurring!nanoscale!materials!include!clays,!organic!matter,!and!
iron! oxides! within! soil! that! play! an! important! role! in! biogeochemical! processes.!
Incidental!nanoscale!materials!enter!the!environment!through!atmospheric!emissions,!
solid!or!liquid!waste!streams!from!nanoscale!material!production!facilities,!agricultural!
operations,!fuel!combustion,!and!weathering.!Engineered!or!manufactured!nanoscale!
materials! are! designed! with! specific! properties! and! may! be! released! into! the!
environment! through! industrial! or! environmental! applications! (Contaminated! Site!
CleanPUp!Contamination!USEPA,!2016).!
The!recent!rapid!development!of! the!nanotechnology!field!has!driven!a!considerable!
volume!of!research!into!the!use!of!nanoparticles!as!soil!and!groundwater!remediation!
tools.!Nanoparticles!(NP)!have!capabilities!as!an!extremely!versatile!remediation!tool.!
The! first! is! their! small! particle! sizes! (1P100nm).! Nanoparticles! can! be! transported!
effectively! by! the! flow! of! groundwater.! Moreover,! nanoparticles! make! use! of! the!
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enhanced! reactivity!and! increased! surface!area.!Particle! size!and! surface!area!play!a!
major!role!in!interaction!of!materials!with!biological!system.!Seemingly,!decreasing!the!
size!of!the!materials!leads!to!an!exponential!increase!in!surface!area!relative!to!volume,!
thereby!making!the!nanomaterial!surface!more!reactive!on!itself!and!to!its!contiguous!
(Gatoo!et!al.,!2014).!Additionally,!as!the!size!of!the!material!is!reduced!and!percentage!
of!atoms!at!the!surface!becomes!significant,!the!entire!particles!become!more!reactive!
(Bastús!et!al.,!2008). They!can!also!remain!in!suspension!for!extended!periods!of!time!
to! establish! an! in! situ! treatment! zone.! Equally! important,! they! provide! enormous!
flexibility! for!both! in!situ!and!ex!situ!applications.!Alternatively,!nanoparticles!can!be!
attached!onto!a!solid!matrix!for!enhanced!treatment!of!water!or!wastewater!(Zhang,!
2003)!&!(Cundy!et!al.!2008).!
Nanoparticles!can!be!synthesized!using!a!lot!of!techniques,!such!as:!gas!condensation,!
vacuum!deposition!and!vaporization,!chemical!vapour!deposition!and!chemical!vapour!
condensation,! mechanical! attrition,! chemical! precipitation,! solPgel! techniques! or!
electrodeposition!(Rajput,!N.,!2015). 
2.2.1. Remediation!techniques!to!CsPcontaminated!environment!
!
Many!adsorbent!materials!including!inorganic!adsorbents,!biomass,!clay!minerals,!and!
metal! oxides! have! been! previously! investigated! for! the! ability! to! remove! 137Cs! from!
contaminated!water.!However,!these!adsorbents!are!either!difficult!to!synthesize!or!too!
expensive!for!largePscale!application!(Jang!et!al.!2015).!
!
Prussian!Blue!(PB),!or!potassium!hexacyanoferrate!(II),!was!discovered!in!the!early!18th!
century! and! it! is! considered! the! first! purely! synthetic! pigment.! This! metal! organic!
material!has!large!interstices!in!its!structures,!so!Cs!rapidly!intercalate!into!the!structure.!
PB!has!such!a!strong!affinity!for!this!ion!that!it!was!administrated!as!an!antidote!for!CsP
137!exposure!(Wessels,!C.,!2012).!This! is!due!because!PB!adsorbs!the!Cs!fraction!and!
exchanges!potassium!for!Cs!on!the!surface!of!the!crystal!lattice!(Thompson!&!Church,!
2001).!
!
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2.2.2. Remediation!techniques!to!UPcontaminated!environment!
!
Different!types!of!adsorbents!have!been!developed!for!U!(VI)!removal!in!an!economical!
manner,!such!as!inorganic!oxides,!algae!and!fungi!biomass,!olivineProck!and!activated!
carbon,!among!others.!Also,! a!number!of! Fe(III)!oxides! including!hematite! (αPFe2O3),!
goethite! (αPFeOOH)! and! ferrihydrite! (pseudoamorphous! Fe2O3! w! xH2O)! are! known! to!
strongly!adsorb!uranyl!species!between!pH!5P10.!The!mechanism!for!this!process!is!a!
surface! complexation! of! the! aqueous! UO2+2! uranyl! ion,! although! there! is! also! an!
evidence!that!U!may!enter!the!FePoxide!structure!as!U(VI).!Another!material!is!magnetite!
(Fe3O4),!an!iron!oxide!containing;!Fe+2!and!Fe+3!ions!in!an!inverse!spinel!structure!with!
cubic!close!packed!O2P!ions!(Liger!et!al.,!1999),!(Scott!et!al.!2005)!&!(Crane!et!al.,!2014).!!
!
However,!most!materials!have!no!resistance!to!the!acidic!environment,!and!others!have!
no! resistance! to! radiation! (Fasfous! &! Dawoud,! 2012).! For! these! reasons,! carbon!
materials! are! promising! candidates! for! use! because! of! their! thermal! and! chemical!
stabilities,! mechanical! properties! and! high! specific! surface! area.! There! are! different!
kinds! of! carbon! nanoallotropes! used! to! uptake! U! from! a! solution.! Graphene,! a!
monolayer!of!graphite,!has!been!used!in!many!areas,!such!as!electrochemical!energy!
storage,!solar!cells!and!gas!adsorption!(Jang!et!al.!2015)!&!(Wang!et!al.!2015).!
Carbon! nanotubes! are! very! hydrophobic! and! tend! to! aggregate! in! aqueous! solution!
because!of!high!Van!der!Waals!interaction!forces!along!the!tube!outside.!Besides,!carbon!
nanotubes!have!been!used! to! remove!U! from!an!aqueous! solution!due! to!a!binding!
between!the!uranyl!ions!and!the!carboxylic!groups!of!the!carbon!nanotubes!(Schierz!&!
Zänker,!2009)!&!(Fasfous!&!Dawoud,!2012).!
!
In!recent!years,!nanoscale!zeroPvalent!iron!(nZVI)!is!increasingly!being!used!in!hazardous!
waste!treatment!and!environmental!remediation!and!has!been!suggested!as!a!potential!
agent!for!U!immobilization!(Ling,!L.!&!Zhang,!W.,!2015).!Compared!to!greater!zeroPvalent!
iron!particles! (ZVI),!nZVI!particles!have!a! significantly!greater! surface!area! to!volume!
ratio,! so! it! means! a! considerably! enhanced! reactivity! with! regard! to! contaminants!
(Crane,!R.A.!&!Scott,!T.J,!2014).!The!most!important!disadvantage!of!nZVI!is!that!needs!
a!reductive!atmosphere,!due!to!that!in!normal!conditions!pyrolyze!itself.!
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2.2.3. Polymer!Inclusion!Membrane!(PIM)!
To! hold! the! nanoparticles,! a! cellulose! triacetate! membrane! was! used! as! a! Polymer!
Inclusion! Membrane! (PIM),! which! is! a! solid! mixture! of! base! membrane! skeleton,!
plasticizer!and!carrier!(Wang!et!al.!2016).!Cellulose!is!a!ubiquitous!biopolymer!found!in!
plants,!animals!and!primeval!organisms!such!as!bacterial,!fungi,!and!amoebas,!and!it!is!
considered! as! an! almost! inexhaustible! natural! resource! and! holds! an! impressive!
potential! for! largePscale!production.! It! is! formed!from!the!repeated!connection!of!DP
anhydroglucose! building! blocks,! which! provides! for! a! unique! combination! of! high!
specificity!and!diverse!architectures,!reactivity,!and!functional!properties!(Zhou!et!al.,!
2016).!!
Cellulose!acetate!is!the!most!important!cellulose!ester,!and!is!used!in!the!production!of!
oil!paint,!textiles,!filter!tips,!wrappers!and!film.!In!relation!to!derivatization!of!cellulose!
acetate,!cellulose!triacetate!is!one!of!the!most!important!cellulose!esters!in!the!cellulose!
acetate!family.!It!plays!an!important!role!in!industrial!applications!due!to!its!low!toxicity!
and! low!flammability! (Fan,!X.!et!al.!2010).!Cellulose!triacetate!(CTA)! is!produced!as!a!
result!of!a!chemical!reaction!between!the!natural!polymer!cellulose!and!acetic!acid,!in!
order! to! react!with! the! functional! hydroxyl! group!on!anhydroglucopyranose!units! of!
cellulose!chains!with!acetic!anhydride.!In!application!as!a!membrane,!it!can!be!used!as!
a!reverse!osmotic!membrane,!dialysis!membrane,!etc.!The!substitution!degree!(DS)!of!
the!hydroxyl!groups!in!cellulose!is!almost!3!for!triacetate,!and!the!higher!the!substitution!
degree,!the!more!hydrophilic!it!becomes!(Sunohara!&!Masuda,!2011).!!
The!degree!of!acetylation!is!greatly!influenced!by!the!microPmorphology!of!the!initial!
cellulose! materials,! accessibility! and! reactivity! parameters.! Since! each!
anhydroglucopyranose!unit!in!cellulose!contains!three!hydroxyl!groups,!the!amount!of!
esterification!can!be!expressed!as!DS,!where!DS!=!1!means!that!one!of!the!three!hydroxyl!
groups! has! been! acetylated! and! DS! =! 3! means! that! all! three! hydroxyl! groups! are!
esterified!(Zhou!et!al.,!2016).!
!
!
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3. METHODOLOGY,
,
3.1. Chemical,reagents,
!
The!reagents!used!were:!
P Cellulose!triacetate!(SigmaPAldrich,!MO,!USA;!SelectophoreTM)!
P Chloroform! (Merck,! Germany;! stabilised! with! ethanol! 0,6P1%;! molecular!
weight!119,38g/mol)!
P 2PNitrophenyl!octyl!ether!(SigmaPAldrich,!MO,!USA;!SelectophoreTM!≥99,0%;!
molecular!weight!251,32g/mol;!assay!≥!99,0%)!
P Potassium!Hexacyanoferrate!(III)!(PanReac!AppliChem,!Germany;!molecular!
weight!329,26!g/mol;!minimum!assay!(iodom.)!99,0%)!
P Iron!(II)!Chloride!4Phydrate!(PanReac!AppliChem,!Germany;!molecular!weight!
198,81!g/mol;!minimum!assay!(Perm)!99,0%)!
P Polyvinylpyrrolidone! (SigmaPAldrich,! MO,! USA;! average! molecular! weight!
40.000!g/mol)!
P Acetone! (SigmaPAldrich,!MO,!USA;!average!molecular!weight!58,08!g/mol;!
laboratory!reagent,!≥!99,5%)!
P Graphite!fine!powder!extra!pure!(Merck,!Germany;!particle!size!(<!50µm)!>!
99,5%)!
All!solutions!were!prepared!with!ultrapure!MilliPQ!water!(Merck!Millipore,!MA,!USA.!!
3.2. Equipment,
3.2.1. Fundamental! principle! of! characterization! techniques! for! nanomaterials! and!
remediation!studies!
,
3.2.1.1. Scanning!Electron!Microscope!(SEM)!
!
The!SEM!uses!a!focused!beam!of!highPenergy!electrons!to!generate!a!variety!of!signals!
at!the!surface!of!solid!specimens.!SEM!can!provide!information!on!surface!topography,!
crystalline!structure,!chemical!composition!and!electrical!behaviour!of!the!top!1!μm!or!
so!of!specimen!(VernonPParry,!2000).!
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The!used!crossPbeam!workstation!was!a!Zeiss!Neon!40!with!FIB/SEM!beams!for!a!sample!
observation!and!elemental!analysis!(CRNE,!2017)!(CANION31!Gallium!FIB!column:!1pAP
50nA,!3P30kV,!7nm!resolution;!GEMINI!SEM!column!with!(ShottkyPFE)!gun:!4pAP20nA,!
0.1P30kV,!1.1nm!resolution!at!20kV).!
A!TurboPPumped!Evaporator!(K950X,!EMITECH,!Germany)!was!used!to!treat!the!pieces!
of!membrane!in!order!to!increase!the!image!quality!by!electrostatic!charge.!
!
3.2.1.2. Transmission!Electron!Microscope!(TEM)!
!
The!TEM!is!based!on!a!highPenergy!electron!beam!that!shine!through!a!very!thin!sample!
and!causes!interactions!between!the!electrons!emitted!and!the!atoms!in!the!sample.!
TEM!projects!electrons!through!a!very!thin!slice!of!sample!to!produce!a!twoPdimensional!
image!on!a!phosphorescent!screen.!The!brightness!of!a!particular!area!of!the!image!is!
proportional! to! the! number! of! electrons! that! are! transmitted! through! the! specimen!
(Bozzola!&!Russell,!2006).!!
!
On!one!hand,!the!advantage!of!TEM!over!SEM!is!that!TEM!may!produce! images!that!
have!a!higher!magnification!and!a!greater!resolution.!On!the!other!hand,!the!advantage!
of! SEM! over! TEM! is! that! SEM! produces! threePdimensional! images,! while! TEM! only!
produces!twoPdimensional!images.!!
!
The!used!TEM!was!a!JOUL®!JEMP2010,!from!Autonomous!University!of!Barcelona.!
!
3.2.1.3. Inductively!Coupled!Mass!Spectrometry!(ICPPMS)!
!
The!ICPPMS!is!an!analytical!technique!that!combines!a!high!temperature!ICP!source!with!
a!mass!spectrometer.!The!sample,!which!usually!must!be!in!a! liquid!form,! is!pumped!
with!a!peristaltic!pump!into!a!nebulizer,!where!it!is!converted!into!a!fine!aerosol!with!
argon!gas.!The!fine!droplets!of!the!aerosol!are!separated!from!larger!droplets!by!means!
of! a! spray! chamber.! The! fine! aerosol! then! emerges! from! the! exit! tube! of! the! spray!
chamber!and!is!transported!into!the!plasma!torch!via!a!sample!injector.!Once!the!ions!
are! produced! in! the! plasma,! they! are! directed! into! the! mass! spectrometer! via! the!
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interface!region,!which!is!one!of!the!most!critical!areas!of!an!ICPPMS!because!the!ions!
must!be!transported!efficiently!and!with!electrical!integrity!from!the!plasma!(Thomas,!
2013).!
!
3.2.1.4. Raman!Spectroscopy!
!
Raman!spectroscopy!is!based!on!the!frequency!of!a!small!fraction!of!scattered!radiation!
is! different! from! frequency! of!monochromatic! incident! radiation.! It! is! based! on! the!
inelastic!scattering!of!incident!radiation!through!its!interaction!with!vibrating!molecules.!
It!probes!the!molecular!vibrations.!Moreover,!it!is!a!nonPdestructive!technique,!because!
doesn’t!cause!any!alteration!of!the!surface!on!which!the!analysis!is!performed!(Bumbrah!
&!Sharma,!2015).!
In!this!study!was!used!a!inViaTM!QontorTM!confocal!Raman!microscope!(Renishaw!PLC.,!
UK).!Individual!spectra!were!obtained!using!an!exposure!of!5!s!and!10!acquisitions.!The!
laser!was!focused!onto!the!sample!using!a!10X!uncoatedPobjective!lenses.!Samples!were!
disposed!on!an!aluminium!support.!
!
3.3. Test,solution,conditions,
!
During! the!selection!of! the!test!conditions,! it!was!considered!the!option!of! including!
carbonate!(total[CO3P2]:!10P3M)!in!the!U!test!solution![Utotal]:!10P6M!(Figure!3).!!
The! lines! in! the! diagrams! (Figure! 3! and! 4)! show! the! condition! of! thermodynamic!
equilibrium! or! the! equilibrium! of! the! system,! where! different! kind! of! lines! can! be!
identified:!
• Vertical!solid!lines!separate!species!related!by!acidPbase!equilibria.!
• Horizontal!solid!lines!separate!species!related!by!redox!equilibria!not!involving!
hydrogen!or!hydroxide!ions.!
• Diagonal! solid! lines! separate! species! related! by! redox! equilibria! involving!
hydrogen!or!hydroxide!ions.!Diagonal!boundaries!slope!from!upper!left!to!lower!
right!because!the!more!basic!solution,!the!more!oxidized!specie.!
• Longer!dashed!line!enclosed!the!theoretical!region!of!stability!of!the!water!to!
oxidation!or!reduction!
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!
!
Figure!3:!Pourbaix!diagram!showing!the!possible!stable!phases!in!the!aqueous!
electrochemical!system!containing!carbonates.!
Pourbaix! diagrams! do! not! provide! neither! information! about! reaction! rates! nor!
intermediate!states.!Finally,!it!was!chosen!a!test!solution!without!carbonate,!because!
the!reduction!is!more!likely!to!take!place.!This!situation!can!be!seen!in!Figure!4.!!
!
!
Figure!4:!Pourbaix!diagram!showing!the!possible!stable!phases!in!the!aqueous!
electrochemical!system!without!carbonates.!
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The!test!solution!was!defined!to!have!the!following!concentrations:!
• [Cs+]:!10P5M!
• [U(VI)]:!10P6M!
• pH!=!7!
!
3.4. Preparation,of,nanocomposite,materials,
!
3.4.1. Preparation!of!PIM!
!
To! prepare! the! polymer! inclusion! membranes! used! in! this! Project,! the! following!
methodology!was!used:!
!
The!synthesis!of!these!membranes!was!carried!out!at!room!temperature.!
First!of!all,!2!ml!of!CTA!were!added!(from!a!mother!solution!prepared!with!1g!of!CTA!in!
100!mL!of!chloroform),!then!the!plasticizer!agent!was!added!(0,04!mL!of!2PNitrophenyl!
octyl!ether!(NPOE)).!After!that,!2!ml!of!chloroform!were!added!additionally!to!facilitate!
the!mixing!of!the!components!(Annex!II,!Figure!1).!
Secondly,!the!homogenization!of!the!vial!content!was!carried!out!using!vigorous!stirring!
(using!a!1400rpm!vortex!during!20!minutes)!(Annex!II,!Figure!2).!
The! solution! was! left! standing! until! the! bubbles! observed! due! to! the! turmoil!
disappeared.!After!that,!a!sample!of!7mL!mixture!was!passed!to!a!glass!plate!of!6!cm!in!
diameter!and!allowed!to!evaporate.!
!
The!evaporation!was!controlled!because!if!there!is!total!loss!of!the!solvent!quickly,!the!
membrane!is!adhered!to!the!glass.!Otherwise,!if!the!membrane!is!removed!prematurely,!
with!a!considerable!amount!of!solvent!when!just!evaporate,!the!membrane!shrinks!and!
deforms.!!
When!the!solvent!was!completely!evaporated!at!room!temperature,!the!glass!plate!was!
poured!with!water! in! order! to! separate! the!membrane.! Finally,! the!membrane!was!
passed!to!another!plate!containing!a!filter!paper!to!prevent!adhesion!to!glass!(Annex!II,!
Figure!3).!
!
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!
3.4.2. Preparation!of!PB!nanoparticles!protected!by!polyvinylpyrrolidone!(PVP)!
!!
To!prepare!the!PB!nanoparticles!used!in!this!Project,!it!was!used!the!following!
methodology!extracted!from!Uemura!et!al.,!2004:!
!
8!mL!of!an!aqueous!solution!of!polyvinylpyrrolidone!(PVP)/FeCl2w4H2O!(concentration!
ratio!20:1)!containing!10!mM!FeCl2w4H2O!was!first!prepared.!After!that,!2!mL!of!a!10!mM!
K3[Fe(CN)]6!aqueous!solution!was!added!at!500!μL/min!using!a!syringe!pump!(KDSP100P
CE!syringe!pump!(KdScientific,!MA,!USA))!(Annex!II,!Figure!4)!and!left!reacting!for!2h!at!
room! temperature! with! vigorous! stirring! (500! rpm)! (Annex! II,! Figure! 5).! 2.5! mL! of!
acetone!for!each!mL!of!the!reaction!mixture!were!added!(Annex!II,!Figure!6).!
The! obtained! solution! was! homogenised! with! vigorous! stirring! (1500! rpm! during! 5!
minutes).!Then,!the!solid!phase!and!the!liquid!phase!were!separated!by!centrifugation!
and!decantation!(Annex!II,!Figure!7).!
Acetone!was!added!to!the!obtained!phases,!and!centrifuged!again!for!5!minutes!at!1500!
rpm.!!
The!obtained!solutions!were!disposed!into!the!desiccator!to!dry!them!during!24!hours.!
(Annex!II,!Figure!8).!
!
3.4.3. Preparation!of!CTA!membranes!doped!with!PB!nanoparticles!protected!by!PVP!
!
The! synthesis! procedure! was! the! same! as! the! synthesis! of! polymer! inclusion!
membranes.!In!the!last!step!of!passing!the!mixture!to!a!glass!plate!of!6!cm!in!diameter,!
that!mixture!was!formed!by!the!membrane!solution!(7mL)!and!the!specific!amount!of!
PB!nanoparticles.!
!
First,!7ml!of!membrane!solution!were!passed!and!finally,!the!amount!of!PB!nanoparticles!
was!added!to!the!plate.!!
!
The!solution!was!left!standing!to!evaporate!until!a!complete!loss!of!solvent.!When!the!
solvent!was!completely!evaporated!at!room!temperature,!the!glass!plate!was!poured!
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with!water!in!order!to!separate!the!membrane.!Finally,!the!membrane!was!passed!to!
another!plate!containing!a!filter!paper!to!prevent!adhesion!to!glass!(Annex!II,!Figure!9).!
!
3.4.4. Preparation!of!CTA!membranes!doped!with!graphite!
!
The! synthesis! procedure! was! the! same! as! the! synthesis! of! polymer! inclusion!
membranes.!In!the!last!step!of!passing!the!mixture!to!a!glass!plate!of!6!cm!in!diameter,!
that!mixture!was!formed!by!the!membrane!solution!(7mL)!and!the!specific!amount!of!
graphite.!
!
First,!7mL!of!membrane!solution!were!passed!and!finally,!the!amount!of!graphite!was!
added!to!the!plate.!!
!
The!solution!was!left!standing!to!evaporate!until!a!complete!loss!of!solvent.!When!the!
solvent!was!completely!evaporated!at!room!temperature,!the!glass!plate!was!poured!
with!water!in!order!to!separate!the!membrane.!Finally,!the!membrane!was!passed!to!
another!plate!containing!a!filter!paper!to!prevent!adhesion!to!glass!(Annex!II,!Figure!9).!
!
3.4.5. Membrane!WaterPUptake!
!
In!order!to!determine!their!behaviour!in!terms!of!swelling!properties,!the!Membrane!
WaterPUptake! (MWU)! (g! H2O/g! wet! film)! was! determined! by! a! simple! procedure:!
membrane!samples!were!weighed!to!compare!values,! then!disposed! in!50mL!MilliPQ!
water!for!three!hours!and!weighed!again!(Ww)!(Annex!II,!Figure!11).!Finally,!dried!in!the!
oven!for!48!hours!at!60ºC!and!weighed!again!(Wd).!MWU!(1)!was!calculated!from!Li!et!
al.,!2010!and!Domènech,!B.!et!al.,!2014:!
! !"# =%Ww−%WdWd !(1)!
!
The!membranes!samples!were!selected!depending!their!compositions:!raw,!modified!
with!different!percentages!of!PB!nanoparticles!or!with!graphite.!
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3.4.6. Membrane!CsPAdsorption!
!
In! order! to! obtain! a! Cs! solution! of! 10P5M,! a! solution! of! cesium! chlorate! 10P3M!was!
previously!prepared.!In!this!case,!only!a!dilution!was!necessary.!
2,5mL!of!cesium!chlorate!solution!10P3M!was!added!in!250mL!of!ultrapure!water!in!order!
to!obtain!the!desired!concentration.!
The!pH!was!adjusted!to!7!using!HCl!to!reduce!it!and!NaOH!to!increase!it.!
!
The!PB!membranes!were!selected!due!to!their!Cs!affinity.!The!chosen!membranes!were!
Raw,!PB1,!PB2,!PB3,!PB5,!PB6,!PB8!and!PB10!(Table!1).!
Those!membranes!were!put!into!the!tubes!with!20!mL!of!Cs!solution!10P5M.!They!were!
left!in!the!agitator!(mode!90º!and!20!rpm)!for!24!hours.!
After!that,!the!membranes!were!removed!and!put!onto!the!Petri!plate!(with!paper)!and!
left!them!drying.!9,5!mL!of!uranyl!solution!were!disposed!in!a!tube!with!0,5!mL!of!nitric!
acid! (65%)! in! order! to! obtain! 10!mL! of! total! solution,! which! all! the! elements! were!
completely!oxidized.!All!the!tubes!were!tagged!and!kept!in!the!fridge!until!they!were!
sent!to!the!ICP!analysis.!!
Table!1:!PB!samples!and!their!amount!of!PB!(mg).!
Sample, Amount,of,PB,(mg),
Raw! 0!
PB1! 1!
PB2! 2!
PB3! 3!
PB5! 5!
PB6! 6!
PB8! 8!
PB10! 10!
!
In!order!to!calculate!the!Cs!elimination!rate!in!each!membrane!performed,!the!following!
equation!was!used:!
!
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*+,-,./0,1.% = % 21.031+ −[56073%-7-83/.7%/99+,:/0,1.][21.031+] !(2)!
!
3.4.7. Membrane!UPAdsorption!
!
In!order!to!obtain!a!uranyl!solution!of!10P6M,!a!solution!of!uranyl!acetate!0,06M!was!
previously!prepared.! It!was!necessary! to!dilute! twice!because!of! the! large!difference!
between!the!both!concentrations.!
First!of!all,!it!was!prepared!a!uranyl!solution!of!10P4M!taking!0,166mL!of!uranyl!solution!
0,06M!in!100mL!of!ultrapure!water.!
Then,!2,5mL!of!uranyl!solution!10P4M!were!added!in!250mL!of!ultrapure!water.!
Adjust!to!pH!7!was!necessary!to!obtain!the!required!U!species!using!HCl!to!reduce!it!and!
NaOH!to!increase!it.!
!
The!graphite!membranes!were!selected!due!to!their!U!affinity.!The!chosen!membranes!
were!Raw!(16P3),!GR1!(28P3),!GR2!(7P3),!GR3!(7P3),!GR5!(28P3),!GR6!(28P3),!GR8!(8P3)!and!
GR10!(30P3)!(Table!2)!(Annex!II,!Figure!12).!
Those!membranes!were!put!into!the!tubes!with!20!mL!of!uranyl!solution!10P6M.!They!
were!left!in!the!agitator!(mode!90º!and!20!rpm)!for!24!hours!(Annex!II,!Figure!13).!
After!that,!the!membranes!were!removed!and!put!onto!the!Petri!plate!(with!paper)!and!
left!them!drying.!9,5!mL!of!uranyl!solution!were!disposed!in!a!tube!with!0,5!mL!of!nitric!
acid! (65%)! in! order! to! obtain! 10!mL! of! total! solution,! which! all! the! elements! were!
completely!oxidized.!All!the!tubes!were!tagged!and!kept!in!the!fridge!until!they!were!
sent!to!the!ICP!analysis.!!
!
!
!
!
!
!
!
!
! 24!
Table!2:!PB!samples!and!their!amount!of!graphite!(mg).!
Sample,
Amount,of,graphite,
(mg),
Raw! 0!
GR1! 1!
GR2! 2!
GR3! 3!
GR5! 5!
GR6! 6!
GR8! 8!
GR10! 10!
!
In!order!to!calculate!the!U!elimination!rate!in!each!membrane!performed,!the!equation!
(2)!was!used.!
!
3.5. Discussion,
!
To!dilute!the!CTA,!it!was!decided!to!dissolve!it!in!chloroform!because!it!has!been!studied!
that!this!solute!dissolves!in!chlorinated!solvents!such!as!chloroform,!methylene!chloride!
and!tetrachloroethane.!The!suggested!explanation!for!this!behaviour!is!that!the!partially!
substituted!polymer!is!potentially!both!a!Lewis!acid!and!base,!but!with!the!elimination!
of!all!free!hydroxyl!groups!only!acidic!solvents!capable!of!hydrogen!bond!formation!will!
then!be!capable!of!dissolving!the!triacetate!(Cowie!&!Ranson,!1971).!
!
For!the!PIM,!the!used!plasticizer!agent!was!NPOE,!which!is!used!as!a!common!plasticizer,!
since! studies! showed! that! some! PIMs! containing! NPOE! display! better! permeability!
compared!to!the!membranes!with!other!plasticizer,!such!as!dibutyl!phthalate!and!tris(2P
ethylhexyl)!phosphate!(Wang!et!al.!2016).!
!
Due!to!its!organic!structure,!the!PIM!evaporation!process!had!to!be!performed!on!a!glass!
plate,!in!order!to!prevent!that!the!PIM!stuck!to!the!plastic!plate.!
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!
At!the!moment!of!inject!the!volume!of!membrane!solution!on!the!Petri!plate,!7!mL!were!
chosen!due!to!a!previous!study!that!was!made!to!determine!the!optimum!volume!in!
order!to!obtain!a!good!quality!membrane.!During!that!experiment,!different!volumes!of!
membrane!solution!were!tested!(6mL,!7mL,!8mL!and!10mL)!and!it!was!found!that!the!
best!option!was!the!7mL!in!order!to!optimize!time!and!reagents.!
!
It! was! chosen! to! dispose! the! nanoparticles! on! a! PIM! because! it! was! more! easily!
recoverable,!and!also!because!it!offered!us!the!possibility!of!increasing!the!adsorption!
power!of!the!contaminants.!Previous!studies!showed!that!the!use!of!these!PIMs!had!
served!as!extraction!technology!for!the!heavy!metals!used!in!the!present!study,!as!Cs!
(Raut!et!al.!2012)!and!U(VI)!(St!John!et!al.!2010).!!
!
The!selected!nanoparticles,!PB!and!graphite,!were!chosen!due!to!their!affinity!to!Cs!and!
U,!respectively.!PB!has!long!been!considered!a!potential!adsorbent!for!radioactive!CsP
137!(Hu!et!al.!2012).!Graphite!has!been!considered!in!this!study!as!a!carbon!analogue!
alternative,!because!there!are!a!lot!of!information!about!the!interaction!of!uranium!with!
other! carbon! analogues,! such! as! graphene! or! carbon! nanotubes! (Schierz! &! Zänker,!
2009),!(Fasfous!&!Dawoud,!2012).!(Jang!et!al.!2015)!&!(Wang!et!al.!2015),!!
!
When!the!nanoparticles!where!needed!to!be!disposed!on!the!PIM!during!the!casting!
process,!graphite!was!easier!to!be!added!because!the!grain!size,!so!that!property!made!
it!easier!to!homogenise!the!solution!before!being!evaporated.!Instead,!PB!and!graphene!
were!harder!to!be!homogenised!due!to!the!grain!size,!so!they!aggregated!during!the!
nanoparticles!adding!process!before!the!PIM!was!evaporated.!
!
During!the!PB!nanoparticles!synthesis,!the!selection!of!appropriate!protective!polymers!
not!only!leads!to!various!colloid!morphologies!by!controlling!the!growth!and!handling!
of!the!agglomeration!process!but!also!leads!to!new!attractive!properties!based!on!the!
organicPinorganic! hybridizations.! In! this! study! case,! PVP! was! chosen! to! protect! PB!
nanoparticles!because!of!repeating!amide!moieties!that!can!weakly!bind!to! iron! ions!
through!a!coordinating!interaction!(Uemura!et!al.!2004).!
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4. RESULTS,AND,DISCUSSION,
!
4.1. Characterisation,
!
4.1.1. SEM!
!
The!SEM!was!used!to!take!top!surface!and!crossPsection!images.!Moreover,!that!tool!
was!used!to!measure!membrane!thickness!and!analyse!its!topography!at!a!nanoscale.!
First!of!all,!membrane!samples!needed!to!be!prepared!to!optimize!the!results.!The!first!
step!was!treating!the!membrane!sample!with!liquid!nitrogen!to!freeze!the!sample,!in!
order!to!obtain!a!crossPsection!image,!and!later,!cut!a!piece!of!that!membrane!to!reduce!
the!sample!size.!To!obtain!a!surface!image!it!was!not!necessary!treating!the!sample!with!
liquid!nitrogen,!so!just!a!piece!of!membrane!was!cut!to!reduce!the!sample!size.!Secondly,!
those!pieces!of!membrane!were!treated!for!increase!the!image!quality!by!electrostatic!
charge,!using!a!TurboPPumped!Evaporator!(K950X,!EMITECH,!Germany).!
The!morphology!of!a!raw!membrane!is!shown!in!Figure!5!at!7000x,!where!it!is!possible!
to!see!a!porous!structure!but!it!seems!that!these!pores!have!been!filled.!CTA!membranes!
are!characterised!by!wellPdefined!pores,!but!in!this!case,!the!synthetized!PIM!present!a!
dense!structure!where!these!pores!were!completely!filled!with!the!NPOE!(Arous!et!al.,!
2004).!
Graphite! membranes! were! characterized! by! having! the! whole! surface! covered! by!
graphite!nanoparticle!(Figure!6).!This!picture!shows!the!membrane,!where!the!graphite!
has!covered!all!the!available!surface!and!the!filled!pores!did!not!appear!anymore,!due!
to!the!better!homogenisation!during!the!graphite!adding!on!the!casting!solution.!
!
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!
Figure!5:!SEM!image!of!raw!membrane!(7,00K!X).!
!
Figure!6:!SEM!image!of!GR8!membrane!(1,00K!X).!
PB!membranes!were!characterized!by!having!the!surface!coated!with!pores!(Figure!7).!
That!may!be!because,!it!was!necessary!to!add!the!acetone!in!order!to!precipitate!the!PB!
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nanoparticles!and!although!the!nanoparticles!were!dried!at!60°C!for!hours,!acetone!still!
remained.!Then,!acetone!act!as!a!poor!solvent!when!the!cellulose!triacetate!has!a!DS!>!
2,90.! Instead,! acetone! interaction! with! the! acetyl! groups! must! be! weaker! and! is!
insufficient!to!overcome!the!lattice!energy!of!the!crystalline!regions!in!triacetate!when!
cellulose!triacetate!has!a!DS!=!3,00!(Cowie!&!Ranson,!1971).!
On!the!one!hand,!the!acetylated!cellulose!with!higher!DS!values!dissolves!more!readily!
in!acetone.!On!the!other!hand,!this!behaviour! is!quite!distinct!from!natural!cellulose,!
which!cannot!dissolve!in!common!solvents!and!is!difficult!to!process.!Cellulose!acetate!
with! DS! =! 1! shows!water! solubility,! and! further! increasing! DS! increases! solubility! in!
hydrophobic!organic!solvents!as!acetone!(Zhou!et!al.,!2016).!
!
Figure!7:!SEM!image!of!PB5!membrane!(7,00K!X).!
4.1.2. TEM!
Graphite!and!graphene!(Annex!III)!membrane!were!characterized!using!TEM.!!
The!Figure!8!shows!a!graphite!membrane!morphology.!It!is!possible!to!see!the!profile!
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of!the!atomic!planes!forming!the!skeleton!of!the!carbons.!In!the!case!of!the!graphite!
crystal,!the!interlayer!spacing!is!0.3335!nm!(Rouzaud!et!al.,!2003).!
!
Figure!8:!TEM!image!of!graphite!membrane!
!
4.1.3. Raman!spectroscopy!
!
In!order!to!study!the! interfacial! interaction!between!molecules,!Raman!spectra!were!
recorded!(all!recorded!peaks!are!in!Table!3).!In!Figure!10!shows!the!Raman!spectrum!of!
graphite.!The!spectrum!exhibits!the!presence!of!two!peaks,!located!at!1347!and!1566!
cmP1.!The!peak!at!1347!cmP1! is!known!as!D!band!and! is!associated!with!vibrations!of!
carbon!atoms!with!dangling!bonds! in!plane! terminations!of!disordered!graphite.!The!
1566!cmP1!band!of!graphite!is!known!as!G!band!and!is!related!to!the!vibration!of!sp2P
bonded!carbon!atoms!(Shen!et!al.!2009).!
!
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Figure!10:!Raman!spectra!of!graphite.!
!
!
Figure!11:!Raman!spectra!of!raw!membrane.!
!
The!Raman!spectra!of!raw!membrane!is!shown!in!Figure!11,!where!various!peaks!are!
located.! The! three!weak!peaks! at! 820,! 840! and!860! cmP1! are! related!with! the!CPOPC!
bonds.!The!peak!at!1092cmP1!representing!symmetric!ring!breathing!vibrations!of!CPOPC!
groups.!A!peak!at!1131cmP1!represents!vibrations!of!CPOPC!from!NPOE.!The!signals!at!
1154!and!1167cmP1!derived!from!the!asymmetric!vibrations!of!CPC!and!C=O!bonds! in!
cellulose!(ring!breathing).!At!1260!and!1283!cmP1!are!located!two!peaks!that!are!due!to!
vibrations!of!the!acetate!residue!group!of!atoms.!At!1353!cmP1,!a!very!strong!peak!can!
be!related!to!nitro!group!of!NPOE!or!can!be!ascribed!to!the!vibrations!of!CH3!groups!
within! the! acetyl! groups.! There! is! a! band! at! 1445! cmP1! can! be! assigned! to! the!
deformation!vibrations!of!CH3!groups!within!acetyl!groups.!The!peak!at!1491!cmP1!with!
a!shoulder!at!1472cmP1!represents!the!characteristic!bending!vibrations!of!CH2Pgroups!
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in!cellulose!I.!The!signals!at!1535,!1581!and!1611!cmP1!are!due!to!the!CN!group!of!NPOE.!
The!band!at!1742!cmP1!is!related!with!the!carbonyl!group!from!the!acetate!substitution!
in!triacetate!cellulose,!where!OH!groups!are!replaced!(Zhang!et!al.!2011)!&!(Adar!et!al.!
2012)!&!(Ionita!et!al.!2015)!&!TRACES!Centre!from!University!of!Toronto.!
!
In!the!Figure!12!is!shown!the!Raman!spectra!of!graphite!membrane!where!appear!the!
typical!peaks!of!the!raw!membrane!are!also!observed,!since!they!have!a!much!higher!
value! than! the! peaks! of! the! graphite,! and! are! therefore! masked.
!
Figure!12:!Raman!spectra!of!graphite!membrane.!
!
The!Figure!14!(A&B)!shows!the!two!characteristic!bands!of!UO2:!the!first!at!448!cmP1!
corresponds!to!the!triple!degenerate!active!mode!T2g!(associated!with!the!symmetrical!
UO!voltage)!and!the!second!broad!band!observed!around!1041!cmP1!is!attributed!to!one!
of!the!vibrations!of!the!whole!crystal!lattice!(2LPO!phonon)!(Elorrieta!et!al.,!2014).!
!
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!
Figure! 14:! Raman! spectra! of! graphene! membrane! after! U! exposition.! A! shows! a!
characteristic!uranium!dioxide!peak!at!448cmP1.!B!shows!the!other!uranium!dioxide!peak!
at!1041cmP1.!
!
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Table!3:!Recorded!peaks!of!Raman!spectra.!
Peak,(cmQ1), Functional,group, Reagent,
448! Active!mode!(T2g)!Uranium! UO2!
820,!840,!860! CPOPC! CTA!
1092! CPOPC! CTA!
1131! CPOPC! NPOE!
1150! Whole!cristal!lattice!(2LPO!phonon)! UO2!
1154,!1167! CPC!and!C=O! CTA!
1260,!1283! Acetate!groups! CTA!
1347P1354! Carbon!atoms!(D!band)! Graphite!
1353! Nitro!group,!CH3!groups! NPOE,!CTA!
1445! CH3!from!acetyl!groups! CTA!
1491! CH2!groups! CTA!
1535,!1581,!1611! CN!group! NPOE!
1566P1586! Carbon!atoms!(G!band)! Graphite!
1742P1745! Carbonyl!group! CTA!
!
4.1.4. Membrane!WaterPUptake!
!
The!measured!values!(Figure!15,!Table!4)!for!all!the!membranes!were!found!to!be!1,42!
±!0,82!g!H2O/g!dry!membrane!and!it!is!similar!to!other!previous!studies!with!cellulose!
acetate! (Kamal!et!al.! 2014).! In! the! raw!membranes! case,! the!measured! values!were!
found!to!be!1,27!±!0,15!g!H2O/g!dry!membrane.!The!measured!values!for!PB!membranes!
were!found!to!be!1,29!±!0,09!g!H2O/g!dry!membrane.!In!the!graphite!membranes!case,!
the!measured!values!were!found!to!be!1,73!±!1,24!g!H2O/g!dry!membrane.!!
Therefore,!it!appeared!that!membranes!hydrophilicity!was!moderate.!In!the!case!of!PB!
membranes,!there!was!no!difference!between!the!amounts!added,!however,!in!the!case!
of! graphite!membranes! had! a! tendency! to! decrease! the!water! absorption! the!more!
amount!of!graphite!nanoparticles!added.!
!
!
!
!
!
!
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Table!4:!Weight!values!for!the!raw!membranes,!graphite!membranes!and!PB!
membranes!before!being!wet,!wet!during!3!hours,!dried!during!48!hours!and!for!
MWU.!
Membrane,Weight,
Sample,
Before,Wet,
(mg),
Wet,during,3,
hours,(mg),
Dried,during,
48,hours,(mg),
MWU,,
(g,H2O/g,dry,
membrane),
Raw!membrane, 121,46, 272,26, 114,82, 1,37,
PB1!membrane, 107,60, 219,76, 100,77, 1,18,
PB2!membrane, 106,92, 240,52, 101,26, 1,37,
PB3!membrane, 126,49, 267,12, 119,80, 1,23,
PB5!membrane, 125,94, 275,54, 117,68, 1,34,
PB6!membrane, 134,14, 273,40, 126,62, 1,16,
PB8!membrane, 136,66, 298,24, 124,93, 1,39,
PB10!membrane, 132,76, 283,30, 121,62, 1,33,
Raw!membrane! 127,44! 262,86! 121,45! 1,16!
GR1!membrane! 89,38! 324,54! 85,12! 2,81!
GR2!membrane! 120,06! 254,85! 115,44! 1,21!
GR3!membrane! 122,31! 432,66! 116,95! 2,70!
GR5!membrane! 125,80! 528,48! 117,66! 3,49!
GR6!membrane! 119,94! 170,70! 110,96! 0,54!
GR8!membrane! 105,77! 194,85! 102,79! 0,90!
GR10!membrane! 102,16! 142,97! 98,35! 0,45!
!
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Figure!15:!Representation!of!MWU!for!PB!and!graphite!membranes.!Raw!means!Raw!
membranes,!1P10!means!amount!(gr)!of!nanoparticles!of!each!material.!
!
4.1.5. Graphite!Membrane!UPAdsorption!
!
Table!5:!U(VI)!concentrations!obtained!in!the!Membrane!UPAdsorption!testing.!
Sample,
[U],
(µg/L),
Elimination,
(%),
Uranyl!control! 120! P!
Membrane!raw! 65! 46!
GR1!membrane! 43! 64!
GR3!membrane! 32! 73!
GR10!membrane! 27! 78!
!
The!measured!values!during!the!membrane!UPAdsorption!testing!can!be!found!in!Figure!
16,!Table!5.!It!is!evident!that!the!more!amount!of!graphite!on!the!membrane,!the!more!
adsorption!has!occurred.!There!is!difference!between!the!U!control!and!Raw!membrane,!
because!the!membrane!adsorbs!U!by!itself!(St!John!et!al.!2010)!and!if!graphite!is!added,!
the!adsorption!will!be!increased.!
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Figure!16:!Representation!of!U(VI)!concentrations!obtained!in!the!Membrane!UP
Adsorption!testing.!
When!the!Raw!membrane!was!performed,!a!reduction!of!46%!occurred,!and!when!the!
hybrid!material!was!applied!with!the!minimum!amount!of!nanoparticles!(1mg),!the!U!
adsorption! increased! to! 64%.! When! the! membrane! was! performed! with! higher!
concentrations!of!graphite!nanoparticles!(3mg!and!10mg),!the!elimination!of!U!reached!
values!of!73%!and!78%,!respectively.!
!
4.1.6. PB!Membrane!CsPAdsorption!
!
Table!6:!Cs!concentrations!obtained!in!the!Membrane!CsPAdsorption!testing.!
Sample,
[Cs],
(µg/L),
Elimination,
(%),
Cesium!control! 1072! P!
Membrane!raw! 1046! 2!
PB1!membrane! 810! 24!
PB3!membrane! 188! 82!
PB10!membrane! 120! 89!
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!
Figure!17:!Representation!of!Cs!concentrations!obtained!in!the!Membrane!CsP
Adsorption!testing.!
!
The!measured!values!during!the!membrane!CsPAdsorption!testing!can!be!found!in!Figure!
17,!Table!6.!In!this!case,!it!is!also!evident!that!the!more!amount!of!PB!on!the!membrane,!
the!more!adsorption!has!occurred.!Here,! there!was!a! less!difference!between!the!Cs!
control!and!Raw!membrane,!and!it!seemed!that!the!membrane!didn’t!adsorb!Cs!by!itself!
and,!when!the!PB!nanoparticles!were!added,!the!adsorption!would!be!increased.!
When!the!Raw!membrane!experiment!was!performed,!the!reduction!was!only!of!2%,!
and! when! the! hybrid! material! was! applied! with! the! minimum! amount! of! PB!
nanoparticles! (1mg),! the!Cs!adsorption! increased! to!24%.!When! the!experiment!was!
performed! with! higher! concentrations! of! PB! nanoparticles! (3mg! and! 10mg),! the!
elimination!of!Cs!reached!values!of!82%!and!89%,!respectively.!
!
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5. CONCLUSIONS,
!
In!this!project,!two!new!methods!based!on!graphite!and!PB!NPs!have!been!proposed!
to!be!able!to!remedy!contamination!problems!caused!by!U!and!Cs,!respectively.!
The!content!has!been!divided!into!three!main!areas:!
I. The!synthesis!and!obtaining!of!polymeric!nanocomposites.!
!
II. A!deep!characterization!of! the!materials!obtained! in!order! to!understand!
their!physicoPchemical!properties.!
!
III. The!application!of!the!synthetized!and!characterized!materials!to!adsorb!U!
and!Cs!concentrations.!
In!the!first!section,!the!nanocomposites!synthesis!was!carried!out.!For!better!efficiency,!
the!immobilization!of!the!nanoparticles!(PB!or!graphite)!in!a!solid!support!synthesized!
with!CTA,!chloroform!and!NPOE!has!been!proposed.!!
The!characterization!was!performed!to!understand!the!physicochemical!properties!of!
the!synthesized!materials.!The!different!characterization!techniques!carried!out!were:!!
I. SEM!was!used!to!view!the!morphology!of!nanocomposites.!
II. TEM!to!view!the!morphology!of!carbon!nanoallotropes.!
III. Raman!spectroscopy!to!determine!the!functional!groups!present!in!the!analysed!
samples.!
IV. ICPPMS!to!quantitatively!determine!the!decrease!in!pollutant!concentration!for!
each!type!of!membrane.!
More!specifically:!
• It!was!observed!that!the!NPOE!sealed!the!pores!present!in!the!CTA!membrane,!
acting!as!plasticizer.!
• The!use!of!acetone!for!the!precipitation!of!the!PB!nanoparticles!produced!pores!
in!the!polymer!membranes.!
! 39!
• The! nanocomposites! characterization! after! being! exposed! to! Cs! and! U!
concentrations!was!carried!out!with!Raman!spectroscopy,!and!the!presence!of!
these! compounds! in! the! oxidized! phase! on! the! nanocomposites! could! be!
determined.!
In!order!to!demonstrate!the!efficiency!in!the!removal!of!U!and!Cs!for!graphite!and!PB!
nanocomposites! respectively,! adsorption! tests! were! performed! for! different!
concentrations!of!nanoparticles,!resulting!in!elimination!efficiencies!of!up!to!78%!in!the!
case!of!graphite!and!up!to!89%!in!the!case!of!PB.!
In! future! lines! of! research,! it! may! be! of! interest! to! investigate! other! carbon!
nanoallotropes! to! determine! their! efficiency! in! uranium! removal,! due! to! the! good!
results!in!the!case!of!graphite.!
!
!!
!
!
!
!
!
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! 1!
I. ANNEX'I'
!
Table!1:!Chemical!properties!of!cesium.!Extracted!from!Lenntech,!2017.!
CESIUM'CHEMICAL'PROPERTIES'
Atomic!number! 55!
Atomic!mass! 132,9054!g/mol!
Electronegativity!according!to!Pauling! 0,7!
Density! 1,9!g/cm3!at!20ºC!
Melting!point! 28,4ºC!
Boiling!point! 669ºC!
Vanderwaalss!radius! 0,267!nm!
Ionic!radius! 0,167!
Isotopes! 40!
Electronic!shell! [Xe]!6s1!
Energy!of!first!ionisation! 375.6!kJ/mol!
!
Table!2:!Chemical!properties!of!uranium.!Extracted!From!Lenntech,!2017.!
URANIUM'CHEMICAL'PROPERTIES'
Atomic!number! 92!
Atomic!mass! 238,03!g/mol!
Electronegativity!according!to!Pauling! 1,7!
Density! 18,95!g/cm3!at!20ºC!
Melting!point! 1132ºC!
Boiling!point! 3818ºC!
Vanderwaalss!radius! 0,121!nm!
Ionic!radius! 0,103!nm!(+3);!0,093!nm!(+4)!
Isotopes! 25!
Electronic!shell! [Rn)!5f3!6d1!7s2!
Energy!of!first!ionisation! 597,6!kJ/mol!
!
!
!
!
! 1!
II.#ANNEX#II#
!
Figure!1:!The!solution!was!prepared!with!CTA!from!a!mother!solution,!the!plasticizer!
agent!and!chloroform.!
!
!
Figure!2:!The!obtained!solution!was!left!at!vigorous!stirring.!
!
!
!
!
! 2!
 
Figure!3:!The!glass!plate!was!poured!with!water!in!order!to!separate!the!membrane!
 
!
!
Figure!4:!The!addition!of!K3[Fe(CN)]6!into!the!PVP/FeCl2!L!4H2O!solution!at!500!μL/min!
using!a!syringe!pump.!
!!
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!
!
!
!
!
!
!
!
!
!
!
!
Figure!5:!!The!solution!was!left!reacting!for!two!hours!with!vigorous!stirring.!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Figure!6:!This!vial!contains!the!mixed!solution!with!acetone.!
!
! 4!
!
Figure!7:!The!solid!phase!and!the!liquid!phase!were!separated!by!centrifugation!and!
decantation!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
Figure!8:!The!solid!phase!was!left!drying!to!obtain!the!Prussian!Blue!nanoparticles.!
! 5!
!
!
!
Figure!9:!Prussian!Blue!membranes!during!the!evaporation!process.!
!
!
!
 
Figure!10:!Graphite!membranes!during!the!evaporation!process.!
!
!
!
!
! 6!
#
 
 
Figure!11:!Membrane!Water]Uptake!(MWU)!test!where!membranes!were!left!into!
50mL!during!3!hours.!
 
 
 
 
Figure!12:!Graphite!membranes!into!tubes!before!the!U]Adsorption!test.!!
 
 
 
! 7!
 
Figure!13:!Graphite!membranes!into!tubes!with!U!solution!(10]6M)!during!the!U]
Adsorption!test.!!
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!
ANNEX%III%
!
1. METHODOLOGY%
%
Preparation!of!CTA!membranes!doped!with!graphene!!
!
The! synthesis! procedure! was! the! same! as! the! synthesis! of! polymer! inclusion!
membranes.!In!the!last!step!of!passing!the!mixture!to!a!glass!plate!of!6!cm!in!diameter,!
that!mixture!was!formed!by!the!membrane!solution!(7mL)!and!the!specific!amount!of!
graphene.!
!
First,!7mL!of!membrane!solution!were!passed!and!finally,!the!amount!of!graphene!was!
added!to!the!plate.!!
!
The!solution!was!left!standing!to!evaporate!until!a!complete!loss!of!solvent.!When!the!
solvent!was!completely!evaporated!at!room!temperature,!the!glass!plate!was!poured!
with!water!in!order!to!separate!the!membrane.!Finally,!the!membrane!was!passed!to!
another!plate!containing!a!filter!paper!to!prevent!adhesion!to!glass.!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
2. CHARACTERIZATION%
!
TEM!
!
The! morphology! of! a! graphene! membrane! is! shown! in! the! Figure! 9.! The! reduced!
graphene! oxide! exhibits! typical! wrinkled! structure! that! caused! sheet! folding!
(Loryuenyong!et#al.,#2013).!
!
Figure!1:!TEM!image!of!graphene!membrane!
!
Raman!
!
The! collected! results! for! graphene! membrane! were! illustrated! in! Figure! 13.! The!
spectrum!shows! the! two!G!and!D! typical! bands,!which!occur! at! 1354!and!1586cmU1,!
respectively.!It!is!known!that!de!G!band!is!generated!by!the!ordered!array!of!C!atoms,!
while! the! D! band! is! because! of! the! presence! of! structural! disorders! and! functional!
groups.!Also,!it!is!possible!to!see!a!peak!at!1745cmU1,!which!according!to!the!literature!
is!assigned!to!the!C=O!of!the!CTA!membrane!(Ionita!et#al.#2015).!
!
!
!
Figure!13:!Raman!spectra!of!graphene!membrane.!
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